Abstract: Species of the cnidarian genus Henneguya Thélohan, 1892 (Myxosporea: Myxobolidae) are histozoic parasites commonly found in freshwater and, more rarely, in marine fish. The development of these parasites in fish tissues includes the formation of plasmodia within which occurs the sporogony originating spores with two caudal processes, which are usually randomly distributed within the plasmodia. In this report the authors present some cases of non-random distribution of the spores of six species of Henneguya within their plasmodia. Two different patterns of non-random distribution were found based on a literature survey. These patterns and their origin are discussed. Apparently this non-random distribution of the spores is due to both internal and external factors.
The Myxosporea are endoparasites characterised, in general, by a two-host life cycle, which typically involves invertebrates and vertebrates as definitive and intermediate hosts, respectively (Okamura et al. 2015) . The formation of spores by myxosporeans is of paramount importance to these organisms since the spores are infective stages which allow the infection of the next host contributing decisively for the completion of the parasite life cycle.
Spores are formed inside plasmodia as a result of a complex developmental cycle whose details are not yet completely understood, involving different kinds of cells, resulting in the formation of a variable amount of mature spores that usually fill completely the plasmodia. The size of plasmodia is variable, from minute structures to more or less rounded, elongated or branched-like ones, which may reach more than one centimetre in length. There are countless published photographs of histological sections of plasmodia concerning species of most of the myxosporean genera where those characteristics may be observed.
In almost all of the photographs the spores are apparently randomly distributed within plasmodia without any kind of spatial organisation. However, under rare occasions, some species of Henneguya Thélohan, 1892 show clearly a non-random distribution, presenting a well defined structured spatial distribution which suggests strongly it was not obtained by chance. A literature survey provided the observation of some cases of such a distribution which are discussed in this paper.
Henneguya creplini (Gurley, 1894) infecting the gills of Perca fluviatilis Linnaeus (Perciformes: Percidae) in Europe forms round plasmodia in the gills. The spores are clearly disposed in spiral-shaped form, sometimes with the body slightly twisted, apparently fitting more efficiently into the available space (Fig. 1A) . The picture suggests that the orientation of the spores optimises their distribution within the plasmodium maximising the filling of the available space.
Henneguya visibilis Moreira, Adriano, Silva, Ceccarelli et Maia, 2014, parasitising (Eiras et al. 1999) . In some elongate plasmodia the spores are also non-randomly disposed, placed with the major axis parallel to the length of the plasmodium. Spores are densely packed, suggesting also a maximisation of filling the available space (Fig. 1C) .
Henneguya corruscans Eiras, Takemoto et Pavanelli, 2009 infects the gills of Pseudoplatystoma corruscans Spix et Agassiz (Siluriformes: Pimelodidae) in Brazil in an interlamellar position (Eiras et al. 2009 ) forming round, oval, elongated or irregular plasmodia. In some of the oval plasmodia spores are also densely packed with the same disposition of H. piaractus, but the density of space filling is apparently more efficient. As shown in Fig. 1D , the package of spores seems more adapted to the shape of the internal space of the plasmodium. Henneguya latesi Tripathi, 1953 infects the gills of Lates calcarifer (Bloch) (Perciformes: Latidae) in Malaysia. Plasmodia of this species were exclusively found in different parts of the gill filaments inside the multilayered epithelium between two lamellae. In some plasmodia the arrangement of spores shows an ordinate pattern, although not so evident as in the other cases (Fig. 2) .
The finding of these features led to an extensive literature survey trying to find similar observations -all the papers used by Eiras (2002) and Eiras and Adriano (2012) for production of the synopsis of the species of Henneguya, including nearly all the species described to date, were examined. Ocasionally, other papers not dealing directly with species descriptions were also scrutinised.
This survey led to the observation of one more case of non-random distribution of spores of Henneguya curimata Azevedo et Matos, 2002 , parasitising the kidney of Curimata inornata Vari (Characiformes: Curimatidae) in Brazil, showing spores disposed parallel to each other and densely packed (Azevedo and Matos 2002) .
The facts referred to in previous paragraphs seem to be uncommon and occur only in a few species of Henneguya from some hosts. Some of these parasite species were reported from a number of different hosts not presenting the same features, the spores being randomly distributed within the plasmodia (Haaparanta et al. 1994 , Martins and Souza 1997 , Molnár 1998 , Adriano et al. 2005 , Campos et al. 2011 . Furthermore, in the same host, an ordinate distribution of the spores was observed in some plasmodia, whereas were randomly placed in others (Eiras et al. 1999 (Eiras et al. , 2009 . Taking into account the above data, it is clear that this kind of spore arrangement is unusual and difficult to explain.
First of all, the patterns highlighted by the histological sections may depend upon the way the cut of the histological blocks is made, as the spores have no symmetric shape. In any of the figures reported herein the final result of the section could be very different if the cuts were made on a different orientation of the histological block, leading to a different observation of the position of spores. However, it is reasonable to suppose that thousands of histological cuts of a number of myxosporean plasmodia are made every year all over the world, concerning different myxosporean species, and such a spore arrangement was apparently reported very rarely. This peculiar arrangement of spores strongly suggests that it leads to an efficient way of filling the plasmodium, i.e. a way of producing a great number of spores. If this is true, such a mechanism would have obvious important consequences as an adaptative factor increasing the probability of transmission to the next host in the life cycle. Moreover, it would explain why this feature is apparently observed only in spores with a tail-like appendage. A spore oval in shape (as species of Myxobolus Bütschli, 1882), would not 'need' a specific arrangement to fill completely the available space within the plasmodium.
This led us to verify mathematically, whether or not, this type of distribution corresponds to the most efficient way of filling the space. Several tests were made using the available images, aiming to measure the spore density whithin the plasmodia. The global image threshold using Otsu's method (Otsu 1979) , as well as other parametrisations for the thresholds, were tried using Matlab programming language. Regarding the images observed, and concerning the geometry of the spores' disposition within plasmodia, there are some comments to be made. It is clear that from a mathematical point of view, the previous images did not allow us to conclude that the observed pattern corresponds to an optimisation of the available space in terms of the density of spores.
Since the number of images is low, we do not have enough information to infer about the spores 3D distribution on the space (plasmodium). The plan presented on each image just allows us to check the density on the 2D surface, and even then, the image definition is not good enough to detect spores placed along a normal (perpendicular) direction concerning the missing dimension. As so, in an optimisation point of view, if these images show any optimal (or near-optimal) solution, there are certainly other constrains that we are not taking into account, or the objective function (here considered as maximise the number of spores present within the plasmodium or, similarly, maximise the spores density within the container area) is not properly defined.
In spite of this conclusion, we believe that the peculiar arrangement of the spores provides a means of increasing the number of spores within a space unit. The amount of spores that are disposed side by side in a compact arrangement is clearly different from the number obtained when the spores are mixed with one another without any regularity, and we postulate it was not obtained by chance.
A number of questions arise from these observations: what kind of mechanism(s) is involved in these arrangements? Why is this feature apparently very rare and observed in a very limited species of Henneguya so far? Why is it observed, in one particular host, only in a small number of plasmodia? We think that intrinsic and extrinsic factors may be involveld in this peculiar arrangement of spores within the plasmodia.
In myxozoans, the patterns of sporogony differ between taxa, but the assembly of the spores requires cellular interactions, including motility, aggregation and the formation of cell-cell junctions (Okamura et al. 2015) . Like in other cnidarians, myxozoans demonstrate motility at the cell (Sitjà-Bobadilla et al. 1995 , Cho et al. 2004 , Alama-Bermejo et al. 2012 , and in some cases, at the whole organism level in both Malacosporea and Myxosporea (Feist et al. 2015) . Some studies have pointed out motility in sporogonic stages (Grabner and El-Matbouli 2010, Alama-Bermejo et al. 2012) , and recently a motile elongated plasmodium of Ceratomyxa vermiformis Adriano et Okamura, 2017 was video taped by Adriano and Okamura (2017) , having coordinated locomotory undulating movement. Hartigan et al. (2016) described in detail the mechanism of the movements of blood stages of Sphaerospora molnari Lom, Dyková, Pavlásková et Grupcheva, 1983 . So, we admit the influence of some kind of motility, at least of the sporogonic stages during the sporogony process, or even of spores. Concerning the movement of spores, there are only two papers where motility of mature spores was observed, as far as the authors are aware. That is the case of Fabespora vermicola Overstreet, 1976 infecting the digenean Crassicutis archosargi Spark and Thatcher, 1960 a parasite of the fish Archosargus probatocephalus Walbaum (see Overstreet 1976, Weidner and Overstreet 1979) . Overstreet (1976) stated that "examining trematodes under minimal coverslip pressure, I saw paired spores moving through the tegument to the external medium". This interpretation may be questionable because the pressure of the coverslip, although minimal, could perhaps cause the movement of spores. However, the same author states in the same paper "In one instance, I observed under high magnification a single released spore actively moving at a relatively moderate speed. The spore appeared to undulate for periods of up to several minutes, followed by intermitent pauses before continuation of the locomotory behavior. Such behavior has not been reported previously for myxosporidans". His conclusion was reinforced later by Weidner and Overstreet (1979) stating that isolated spores of F. vermicola move by themselves once separated from the host.
An arrangement of spores as depicted in Fig. 1A ,C is difficult to explain without the existence of some kind of motility, either related to the spores themselves, either to early sporogonic stages. The arrangements depicted in Fig. 1B ,D and in Fig. 2 are probably easier to understand. During the sporogonic development spores begin to mature in the centre of the plasmodia. Therefore, it is reasonable to expect, due to the elongated form of the spores, that the formation of spores in the centre may cause some kind of gliding behavior and package effect of the spores as their formation goes on. During the formation of spores there are modifications in the cells which originate from different parts of the spores involving changes in shape and volume of the resulting spore. For these reasons, it is probable that gliding movements may occur and we admit that compact groups of spores are formed accompanying the general shape of the 'container', i.e. the plasmodium walls.
In all the tentative explanations referred to above we consider only intrinsic factors which develop inside the plasmodia. However, external factors may eventually be more important for the arrangement of spores. Their position inside the plasmodium likely depends on the effects of the surroundings, such as on the position of the plasmodia in the gills. In the case of lamellar plasmodia, the water pressed through the gills slit compress the shape of plasmodium and it is supposed to indirectly move spores inside the cysts and help their arrangement. In the case of filamental plasmodia the shape of the cyst is more affected by the shape of gill filaments. Those developing inside the gill arteries are compressed by the connective tissue and muscular elements of the arteries and a similar effect may occur also on plasmodia developing outside arteries.
If the plasmodium located in the fins, it is supposed that the movement of the fins creates pressure on the plasmodium leading to movement of the inside spores. The influence of external factors would explain why the non-random disposition of spores was observed in species developing in the gills or in the fins. The only case of such an arrangement in internal organs was the one depicted by Azevedo and Matos (2002) for H. curimata in the kidney of Curimata inornata. However, 'undulating' movements of the kidney during the host swimming may have the same effects as water movement around the gills plasmodia, or the movements of the fins, i.e. in this case the external factors would be also very important for the arrangement of the spores. Therefore, and taken the different observations as a whole, it seems that the arrangement of the spores could be caused principally by external forces. It is highly probable that the final result of the spore arrangement is due to combination of factors, both internal and external, whose relative importance is unknown.
